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J. Peter white5 
The Lancefield megafauna site is located on the south- 
west edge of the small town of Lancefield, 70 km NNE of 
Melbourne. The site is located in a swamp, a depression 
(possibly formed by a collapsed lava tunnel) which is almost 
surrounded by weathered Pliocene basalts which have formed 
a laterite cap. A natural spring flow under this cap emerges 
at the swamp and the water then drains into Deep Creek, a 
tributary of the Maribyrnong River. 
Three fossil megafaunal assemblages occur at Lancefield. 
The original discovery of 1843, now known as the Mayne Site, 
was the focus of investigations in the nineteenth-century and 
again in 1991 (van Huet 1993). The South Site, found in 
1983, has been excavated three times since the early 1980s, 
most recently by van Huet in 1991 (van Huet 1994). The 
Classic Site was discovered in 1973 and was the focus of 
major investigations in 1975-76 (Horton 1976; Ladd 1976; 
Gillespie et al. 1978; Horton and Samuel 1978). 
The stratigraphy of the three sites is similar, consisting of 
0.5-1 m of brown clay or fibrous peat and root mats under- 
lain by 0.5-1 m of glei (waterlogged) black mud with occa- 
sional pebbles, laterite pellets and abraded, sub-fossil bone 
and dental fragments. Beneath this lies the bone bed. The 
bone beds in the South and Mayne Sites, which are adjacent 
to each other, display similar characteristics. Fragmented and 
complete elements of a variety of species, including mega- 
fauna, are deposited in a green mottled clay with a frame- 
work of unsorted sediments of mixed mineralogy, including 
quartz and feldspar. Isolated pockets and rafts of coarser 
material, including sub-angular pebbles, occur and the mixed 
and erratic nature of the horizon suggests rapid sediment depo- 
sition such as occurs in a mass flow. The clay containing the 
sub-fossil material in the South Site is more consolidated and 
glutinous than in the Mayne, but the two deposits are other- 
wise similar. 
The Classic Site, some 150 m west of the Mayne and 
South Sites, is stratigraphically similar. According to Gilles- 
pie et al. (1978: 1045) the matrix of the bone bed at the Classic 
Site consists of 'greenish grey to black clay and gravelly clay', 
with no mention of pockets or rafts. The bone bed is, how- 
ever, underlaid by a clay containing quartz-dominated gravels, 
confined to a small channel. The size and nature of these 
gravels indicates fluvial transport to the site of deposition. 
Whether the sub-fossil material was emplaced by the same 
processes as at the Mayne and South sites has not been 
determined but seems likely. 
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Dating 
There have been two previous attempts to determine chro- 
nometric dates for the Lancefield deposits. Gillespie et al. 
(1 978) list ten radiocarbon dates from the Classic Site. Five 
dates on various fractions of bone range from 3 look2 10 
(GX4 l l8C) to 19,800+450 (GX4 1 18A), the older date deri- 
ving from apatite remaining after 'prolonged' treatment with 
acetic acid. Two charcoal dates from twigs in the channel 
underlying the bone bed (SUA-685, SUA-538), both around 
26,000 BP, demonstrate that the bone bed there was emplaced 
after that date, but they do not directly date the faunal material. 
The other three dates are irrelevant to this discussion. 
In 1983 The University of Tasmania obtained an ESR date 
of about 17,000 BP on bone from the South Site, but poor pres- 
ervation meant the result was very uncertain (A. Goede pers. 
comm. to T. Rich, 2811 1/83). A radiocarbon date of 14,950+ 
1240 (WK2565) on a single piece of charcoal from the same 
deposit was also obtained (van Huet 1994). However, al- 
though the age of the charcoal may be correct, this is not 
necessarily the age of any of the material, given the evidence 
noted above of reworking and redeposition of sediments. 
We have used three methods to directly date the faunal 
material: radiocarbon, electron spin resonance and amino acid 
racemisation. All dates were determined on diprotodontid 
molars and incisors (some very fragmented) excavated by 
van Huet from the Mayne Site. Samples were selected by 
White and van Huet and supplied separately to each dating 
laboratory. Each analysed the material independently, with- 
out knowing the others' results until their own was completed. 
Details relating to each series of determinations are given 
in the appendices. We publish these in detail so that our 
results can be evaluated in their entirety and also can serve 
as a basis on which further analyses can be developed. 
Results 
Two radiocarbon dates on tooth apatite were obtained. A 
fragment of an incisor yielded an age estimate of 27,250+ 
300 BP (NZA4191), and a molar fragment yielded an age 
estimate of 27,2 10+2 10 BP (NZA4424). Redvers-Newton 
notes the acetic acid pre-treatment (90 and 109 hours respec- 
tively) was almost entirely successfbl in removing exogenous 
carbonate, and is confident that these results correctly date 
the apatite. However, apatite dates always represent a mini- 
mum age, and we cannot use these results to estimate how 
much older the teeth might be. 
The ESR dates were all run on samples of the same dipro- 
todont incisor. Griin ran three subsamples of this material, 
with the following results: 1 O52A, 50,100k-9700 yr; 1052B, 
46,300k-8900 yr; 1 O52C, 56,OOOf 10,800 yr. The relatively 
large error in the results is caused by the three sediment 
samples giving quite different environmental dose rate values. 
These could not be measured in situ at the time of sample 
collection because the site was waterlogged. At present, 
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therefore, the best age estimate for the diprotodont teeth is 
40,000-60,000 years. However, Griin considers that, even if 
re-tested under drier conditions, the ages would remain with- 
in the given uncertainty, and probably centre on ca. 50,000 
years ago. 
Amino acid racemisation determinations on two diproto- 
dontid teeth (divided into eight samples) show a high level 
of concordance, and certainly indicate a Late Pleistocene age. 
The problems with attaining greater precision are discussed 
by Murray-Wallace, but an age of ca. 30,000-55,000 years 
seems the most probable. 
Discussion 
Our results show that different dating methods applied 
to the same materials yielded estimates which lie within the 
same general age range, in this case the latter half'of the 
Last Glacial cycle (stage 3 of the deep-sea core sequence 
(Martinson et al. 1987)). These age estimates, although some- 
what older than those already obtained directly on or indi- 
rectly for the Lancefield megafaunal material (Gillespie et al. 
1978), support the earlier findings that the sub-fossil material 
at the Lancefield site is Late Pleistocene in age. Two aspects 
of our analysis require comment - the results given by the 
different techniques, and the implications of accepting these 
results. 
Concerning the results of the different techniques, we note 
that there is considerable variation between them and we can 
claim only that they are all of the same order of magnitude. 
Variation between them arises both from limitations in the 
methods themselves and from particular problems at Lance- 
field. Among the former are that radiocarbon determinations 
using apatite will only produce a minimum age, and that 
accounting for racemisation in teeth during an extinct ani- 
mal's life is a matter of considerable estimation. Among the 
latter, we note it was difficult to measure the dose rate for 
calculating ESR ages due to site flooding. 
The ages we present here are somewhat older than those 
determined by Gillespie et al. (1978), which have been widely 
accepted as being about the true age of the Lancefield mega- 
fauna. We believe our estimates more accurately date the 
fossil material, for one simple reason - they are direct deter- 
mination~ rather than being a terminus ante quem. We accept 
that the age of the Lancefield Diprotodon may not be much 
older than our 27,000 BP radiocarbon estimate. Our ESR and 
AAR determinations, however, suggest it may be unwise to 
claim this level of precision and we prefer the somewhat 
broader claim we have made above. 
We turn now to the implications of our results. 
If our age determinations are accepted, they reinforce the 
important implication that a range of now-extinct animals was 
probably alive within the period of human occupation of the 
continent. This was Gillespie et al.'s (1978) original claim 
based on the results from Lancefield, and this claim is now 
supported by data from at least three other Australian sites. 
At Cuddie Springs, for example, Dodson et al. (1993) show 
that a range of extinct animals is in close association with 
stone artefacts in levels that are consistently dated by asso- 
hundreds of samples of Genyornis sp. eggshell, in sand dunes 
luminescence dated to about 50,000 years ago, while no 
eggshell from this genus has been radiocarbon dated to less 
than 35,000 years ago. No claim has been made for any 
cultural association at these lakeside sites. 
We need to note, of course, that the date of the start of 
human occupation is currently under dispute, with published 
ages ranging up to ca. 120,000 TL years ago (Fullagar et al. 
1996). But there is by no means agreement on the date of 
colonisation (Roberts and Jones 1994; Allen and Holdaway 
1995; Chappell et al. 1996). If humans have been in Aus- 
tralia for only 40,000 years, as Allen and Holdaway (1995) 
argue, Lancefield and other sites might belong to pre-human 
times. If, as seems increasingly likely, a date for human 
occupation of 60,000 years or more is correct, we can focus 
on both the duration of the overlap between extinct animals 
and humans, and on which animals for which the overlap 
might definitely be claimed. Whether any parts of mega- 
fauna1 assemblages derive from human activity will also be- 
come a more urgent question than it has been. 
The question which immediately springs to mind is why 
is there no such association? Data from other parts of the 
world, such as New Zealand, the Pacific Islands and, probably 
but less certainly, the American continent (Grayson 199 1 ; 
Dodson 1992; Lundelius and Graharn 1997) as well as optimal 
foraging theory, suggest it is almost inconceivable that people 
would not have hunted these large, herbivorous, 'naive' ani- 
mals. The fact that several sites with extinct fauna now appear 
to date between 30 and 60,000 years ago, and thus very 
probably overlap with human occupation of the continent, 
appears to raise questions for interpreting human behaviour 
in Pleistocene Australia that are too far-reaching to be dis- 
cussed here. But these results start to fulfil the frrst require- 
ment of any discussion of Late Pleistocene extinctions, that 
of their chronology (cf. Flannery 1990). 
Conclusion 
Three different dating techniques applied to megafaunal 
material from Lancefield have established that the remains 
are very likely between about 30,000 and about 60,000 years 
old. The results may imply the coexistence of humans and 
megafauna in Australia, and thus the possibility of interac- 
tion between them. Clearly, if other sites can be found to 
support this chronology, the nature of the interaction, for so 
long the subject of speculative scenarios, will become open 
to more rigorous theoretical and field analysis. 
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APPENDICES 
Radiocarbon Dates: Nicola Redvers-Newton 
Most scientists involved with radiocarbon dating have 
avoided bone apatite, because of the difficulty in removing 
exogenous carbonates, and have concentrated on techniques 
to purify bone collagen. Much research into the purification 
of bone apatite has been undertaken by those interested in 
palaeodietary studies (Sullivan and Krueger l98 1 ; Lee-Thorp 
and van der Menve 1989, 199 1 ; Lee-Thorp et al. 1989; Krueger 
199 1 ; Lambert and Weydert-Homeyer 1993), but also by some 
interested in "C (Haynes 1968; Hassan et al. 1977; Hass and 
Banewicz 1980). The most widely used method for removing 
exogenous carbonates consists of dilute acetic acid. Times 
of pre-treatment may vary from 24 hours to 14 days, after 
which time the apatite in well preserved bones alters in 
structure to brushite with no trace of carbonate (Lee-Thorp 
and van der Merwe 199 1). 
In this study, 1M acetic acid was used to remove exoge- 
nous carbonate from the apatite fraction of two ancient teeth. 
Evolution of the purified apatite took place in concentrated 
phosphoric acid and radiocarbon measurements were taken 
from both exogenous carbonate and purified apatite for com- 
parison purposes. A number of trials from each sample was 
performed in order to obtain a better understanding of the 
method. 
Samples 
The samples were very badly preserved, exhibiting a crys- 
talline structure coloured white, rust and dark brown, com- 
pletely unlike the cream coloured fibrous structure of well 
preserved bone or teeth. An attempt was made to extract 
collagen fiom the sample, but no protein was present. 
Method 
The tooth samples were ground to a powder using a 
percussion mortar and sieved to separate the finest fraction 
(<212 pm), which was treated with 1M acetic acid in an 
evacuated and sealed vessel. Evolved carbon dioxide gas was 
purified and collected cryogenically before being submitted 
for dating. 
After the initial acetic acid wash, the sample was either 
left to continue reacting with the residual acetic acid once 
the vessel was resealed, or was rinsed with distilled water and 
dried in a vacuum oven before pre-treatment with a fresh 
solution of acetic acid. Each sample underwent repeated pre- 
treatment until very little carbon dioxide gas was evolved 
(Tables l and 2). At this stage the apatite was considered 
relatively pure and the sample was filtered and thoroughly 
Cumulative 
evolution 
time (hr) 
16.00 
35.00 
51 .OO 
57.50 
74.25 
17.00 
25.00 
41 .X 
60.25 
85.00 
104.00 
109.00 
Carbon Age 613C NZA 
evolved (yrsp) (parts/ number 
( W )  rnille) 
0.8 3400i67 -7.4 3926 
0.3 
0.3 7656i173 -1 1.5 4190 
0.1 
0.1 
-- 
0.2 
0.1 
0.2 
0.2 
0.1 
- 
Table 1 Radiocarbon dates of exogenous carbonate from Lancefield 
molars. 
rinsed with distilled water, then dried in a vacuum oven. 
Concentrated phosphoric acid was used to evolve the apatite 
in an evacuated and sealed vessel, because of its lower vapour 
pressure in comparison to HCl. The evolved carbon dioxide 
gas was purified and collected cryogenically. The mass of 
the sample reacted (approx 0.1-2 g), volume of acetic acid 
solution or phosphoric acid (5 -  15 ml) and evolution time 
(Tables 1, 2 and 3 )  were varied during the trials in order to 
learn more about the reaction. 
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Trial Cumulative 
number evolution 
time (hr) 
1 (a) 6.75 
(b) 23.75 
(C) 41 .OO 
(d) 57.00 
(e) 73.00 (9 90.00 
2 (a) 16.75 
' (b) 23.25 
' (C) 39.25 
Carbon Age 6% 
evolved (yr BP) (parts1 I 
(W) mile) 
0.48 6727k91 -9.5 
0.20 
0.30 
0.20 17834i276 -10.8 
0.10 
0.00 
0.40 68O2*lll -9.8 
0.10 
0.00 
NZA 
number 
391 1 
41 89 
6884 
Table 2 Radiocarbon dates of exogenous carbonate from Lancefield 
incisors. 
Trial 
number 
Pretreatment 
time in acetic 
acid (hr) 
Incisors 
1 90.00 
2 39.25 
Molars 
1 74.25 
2 41.25 
3 109.00 
Table 3 Radiocarbon dates from apatite evoluton of incisor and molar 
fragments. 
Purified carbon dioxide gas was split into two portions: 
one was graphitised using excess hydrogen gas and iron 
powder as a catalyst (Lowe and Judd 1987). The graphite 
targets were radiocarbon dated using the AMS facility at 
the Rafter Radiocarbon Laboratory (Wallace et al. 1987) and 
results reported as conventional ages in years BP according 
to Stuiver and Polach (1977). The second portion of carbon 
dioxide gas was used to measure 6I3c in parts per mille, 
representing the depletion or enrichment of &')C with respect 
to the PDB standard (Stuiver and Polach 1977) using the 
mass spectrometer facility at the Institute of Geological and 
Nuclear Sciences (Brennikmeijer and Morrison 1987). 
Discussion 
All apatite dates were older than the contaminating car- 
bonate, falling into a range of 24,320k2 10 to 27,2 10+2 10 
yrs BP from the molar fragments and 26,020f250 to 27,253k 
305 from the fragmented incisors (Table 3) .  The variation in 
ages indicates the presence of younger exogenous carbonate 
in the apatite fiactions. The level of contamination would 
have been very low because only 1% of modem carbon will 
reduce the age of a sample of 30,000 years by 3000 years. 
Also the 6I3c values remain in a close group, - 13.7 to - 14.1 
parts per mille (Table 3) ,  more negative than the exogenous 
carbonate which ranged from -7.4 to - 11.5 parts per mille 
(Tables 1 and 2), suggesting the apatite carbonate originated 
from the same source. Therefore the acetic acid treatment 
was mainly successful in removing most of the exogenous 
carbonates from the bone apatite. 
The oldest apatite dates were obtained from fractions 
treated with acetic acid for the longest period - 90 and 109 
hours. All other fkactions were treated for only half or three 
quarters of this time (Table 3) and contained small residues 
of contaminating carbonate, although this was not clear at 
the time of treatment. The problem with the method was that 
it was difficult to determine when the evolution had ceased, 
because after the initial high yields of CO, gas, levels fell 
very close to the limits of measurement and continued at that 
level for further washes. In some cases not enough acetic 
acid was used and saturation occurred when a sample to 
volume ratio of approximately 160 mg ml-' was used; only 
0.02 and 0.03% carbon was evolved from incisors trial l(a) 
and molars trial l(a) (Table 4). The reaction was more suc- 
cessful when 50-100 mg ml-' was applied, increasing the per- 
centage of carbon evolved by a factor of 10 (Table 4). There- 
fore, a long reaction time and a mass to volume ratio of 50- 
l00 mg sample mf '  acetic acid are essential factors for 
success in the reaction. 
Trial Samplelvolume Carbon evolved Evolution time 
number (mg ml-l) ('W (hr) 
Incisors 
l (a) 158.2 0.02 6.75 
2 (a) 104.8 0.35 16.75 
Molars 
l (a) 161.5 0.03 17.00 
2 (a) 1 10.6 - 17.00 
3 (a) 48.4 0.37 19.00 
Table 4 Acetic acid treatment data. 
Exogenous carbonate increased in age with increasing 
time of pre-treatment; the youngest age of the molars was 
3400+67 yrs BP after 16 hours acetic acid pre-treatment, 
compared to 7656f 173 yrs BP after 5 1 hours (Table 1). A 
similar pattern is present in the incisor fragments, however 
the radiocarbon dates from this sample are generally older, 
6727k9 1 yrs BP after approximately 7 hours compared to 
17,834f276 after 57 hours (Table 2). This pattern of in- 
creasing age may be due to gradual carbonate deposition 
over a long period of time: the youngest layers evolved 
first and the oldest last. Yet the gradual increase in age and 
increasing negativity of 6I3c of the exogenous carbonate 
also corresponds to a gradual introduction of ancient bone 
carbonate alongside the younger contamination during the 
acetic acid evolution. It is probable that a coating of bone 
carbonates remained on the outside of the apatite crystals 
beneath the exogenous carbonates, to be exposed and evolved 
during acetic acid treatment. Therefore some bone carbonate 
was also evolved during acetic acid treatment. 
Conclusions 
The acetic acid pre-treatment was mainly successful in 
removing exogenous carbonates from the Lancefield Mayne 
teeth resulting in an age of approximately 27,000 years. 
It was found that an acetic acid treatment time of be- 
tween 90 and 109 hours was essential to remove residual con- 
tamination and that a mass to volume ratio of between 50 
and 100 mg sample to l m1 of acetic acid was necessary to 
avoid saturation. Some loss of bone carbonate occurred during 
the acetic acid treatment, increasing the age of the carbonate 
evolved and producing more negative &"C values over treat- 
ment time. It is likely that this bone carbonate was a residue 
of the original carbonate coating the apatite. 
Australian Archaeology. Number 46. 1998 
van Huet et al. 
References 
Brennikmeijer, C.A.M. and Morrison, P.D. 1987 An automated 
system for istopic equilibration of CO2 and H20 for ''0 
analysis of water. Chemical Geology, Isotope Geoscience 
Section, 66:2 1-6. 
Haas, H. and Banewicz, J. 1980 Radiocarbon dating of bone apa- 
tite using thermal release of CO2. Radiocarbon 22537-44. 
Hassan, A.A., Termine, J.D. and Haynes, C.V. 1977 Minera- 
logical studies on bone apatite and their implications for 
dating. Radiocarbon 19:364-74. 
Haynes, C.V. 1968 Radiocarbon analysis of inorganic carbon of 
fossil bone and enamel. Science 161:687-8. 
Krueger, H.W. 1991 Exchange of carbon with biological apa- 
tite. Journal of Archaeological Science l8:355-6 1.  
Lambert, J.B. and Weydert-Homeyer, J.M. 1993 The fundarnen- 
tal relationship between ancient diet and the inorganic 
constituents of bone as derived from feeding experiments. 
Archaeometry 35:279-94. 
Lee-Thorp, J.A., Seely, J.C. and van der Merwe, N.J. 1989 Stable 
carbon isotope ratio differences between bone collagen and 
bone apatite, and their relationship to diet. Journal of Ar- 
chaeological Science 16585-99. 
Lee-Thorp, J.A. and van der Merwe, N.J. 1989 Isotopic evidence 
for dietary differences between two extinct baboon species 
from Swartkrans. Journal of Human Evolution 18: 183-90. 
Lee-Thorp, J.A. and van der Menve, N.A. 1991 Aspects of the 
chemistry of modem and fossil biological apatites. Jour- 
nal ofArchaeological Science 18:343-54. 
Lowe, D.C. and Judd, W.J. 1987 Graphite target preparation for 
radiocarbon dating by accelerator mass spectrometry. Nu- 
clear Instruments and Methods in Physics Research B28: 
113-16. 
Stuiver, M. and Polach, H.A. 1977 Discussion: Reporting of 
14 C data. Radiocarbon 19:355-63. 
Sullivan, C.H. and Krueger, H.W. 1981 Carbon isotope analysis 
of separate chemical phases in modem and fossil bones. Na- 
ture 292:333-5. 
Wallace, G., Sparks, R.J., Lowe, D.C. and Pohl, K.P. 1987 The 
New Zealand accelerator mass spectrometry facility. Nuclear 
Instruments and Methods in Physics Research B29: 124-8. 
Electron Spin Resonance dating: R. Griin 
The basic principles of ESR dating are detailed elsewhere 
( G m  1989a, 1989b). For these analyses, three subsamples 
were separated from the tooth. Dentine and enamel were 
separated with a dental diamond drill and a surface layer 
(Sl/S2 in Table 5) was removed h m  each side of the enamel 
in order to eliminate the volume that has been irradiated by 
external alpha rays. Ten aliquots of the enamel were irradi- 
ated using a calibrated gamma source with doses o f  0, 109, 
198, 368,927, 1362,2100,3608,4965 and 7147 Gy. The 
past irradiation dose, D, and the associated errors were deter- 
mined using the procedures outlined by Gfin and Brumby 
(1994). All isotopic values were determined by ICP-MS (Griin 
and Taylor 1996). 
ESR measurements were carried out on a Bruker ECS 
106 spectrometer with a 15 kG magnet and a rectangular 
4102 ST cavity. The powder samples were recorded with 
the measurement parameters routinely applied in this labo- 
ratory: accumulation of 20 scans with 1.0 15 Gpp modulation 
amplitude, 10.24 ms conversion factor, 20.48 ms time con- 
stant, 2048 bit spectrum resolution (resulting in a total sweep 
time of 20.972 S), 120 G sweep width and 2 mW microwave 
power. 
Sample no. 
10528 
39.8rt0.9 
0.10 
0.06 
1900 
1001200 
2.721 .O 
10.5i3.0 
0.3rt0.1 
783k163 
66k18 
22k5 
1 k2 
872kl64 
45.7k8.7 
10*2 
O*O 
859k164 
46.3~8.9 
Table 5 Chemical analyses and ESR age estimates. EN: enamel; DE: 
dentine; TT: total thickness; SllS2: surface layer removed 
from each side of the enamel samples. Error in De after Griin 
and Brumby (1994); beta dose attenuation after Grijn (1986). 
Alpha efficiency: 0.13M.02; initial 2%P8U = 1.4M.2 in 
enamel and dentine; water in sediment 3&10wgt % (for 
beta dose rate); ICP-MS uncertainties (U,  Th):lO%. Flame 
photometry detection limit (K-SED): 0.05%. 
Due to the high water table it was not possible to carry 
out in situ gamma measurements. The external dose rate 
was derived from three sediment samples which were col- 
lected by auguring. These sediment samples were also ana- 
lysed by ICP-MS (for U and Th) and flame photometry (K). 
The analytical values were averaged and used for the calcu- 
lation of the external dose rates along with an average water 
content of 3Of 10%. An alpha-efficiency value of 0.13kO.02 
was used (Gfin and Katzenberger-Apel 1994). The cosmic 
dose rates were calculated according to Prescott and Hutton 
(1988) for an average depth of 2.OfO.5 m and the dose rate 
conversion factors according to Nambi and Aitken (1986). 
The analytical values and ESR age calculations are presented 
in Table 5. 
Discussion 
The average age of the sample is best derived from the 
average of the age results of the subsamples 5O.Of 3.9 (early 
uranium uptake) and 50.8f4.0 (linear uranium uptake). The 
random error is in the range of 8%. The main uncertainty is 
introduced by the analysis of the external dose rate, which 
includes an overall systematic error of about 20%. Because 
there is hardly any uranium in the enamel and dentine, the 
process of uranium migration (Grlln and McDermott 1994) 
has only minor influence on the age calculation (which is 
expressed by the difference between the early and linear up- 
take models). At present it is not possible to minimise the 
systematic uncertainty of the external dose rate calculation, 
thus the best age estimate of the sample is between 40,000 
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and 60,000 years. ESR dating could be significantly irn- 
proved by collecting further samples in situ and canying 
out in situ gamma spectrometric measurements. 
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Amino acid racemisation: Colin Murray-Wallace 
Amino acid racemisation (AAR) analyses (total acid hydro- 
lysate) on the dentine of two Diprotodon teeth fiom the Lance- 
field Mayne site follow methods described elsewhere (Murray- 
Wallace 1993). X-ray diffraction revealed that the teeth con- 
sisted of hydroxylapatite and fluorapatite. After successive 
washes in an ultrasonic bath using dilute HC1, followed by 
rinses with distilled water, individual samples (<2 g) were 
digested in 8 M HCl and hydrolysed for 16 hours at 110°C. 
Residual protein was separated from the remaining salts by 
cation exchange (Bio-Rad AGSOW X 8 cation exchange resin) 
followed by freeze drying of the eluant from ion exchange. 
Analysis of the N-pentafluoropropionic D,L-amino acid 2- 
propyl-esters was undertaken on a Hewlett Packard Series I1 
gas chromatograph using a Chrompack Chirasil L-Val capil- 
lary column and flame ionisation detector with helium gas 
carrier. Results are reported for the amino acids alanine and 
aspartic acid. The extent of racemisation was determined 
based on peak area integration (Fig. 1). 
Results and discussion 
The extent of racemisation for the amino acids alanine 
and aspartic acid show a generally high level of concordance. 
The extent of racemisation for aspartic acid is generally con- 
sistently higher than alanine with mean D/L ratios of 0.30 
and 0.20 respectively. The similarity in extent of racemisa- 
tion for sample replicates for both amino acids suggests that 
the analyses are on indigenous amino acids. 
Racemisation rates in natural systems are complex and 
vary according to several parameters, including the fossil 
matrix in which protein is bound (Murray-Wallace 1993). 
The extent of racemisation noted for other matrices (e.g. 
marine mollusc, emu eggshell, bone and wood) from tem- 
perate climates (Bada l98 1; Rutter and Crawford 1984; 
Murray-Wallace 1995; Miller et al. 1997) indicates that the 
ASP ZL & s.d. = 0.30 2 0.07 (n=8) 
0 ALA EL & s.d. = 0.20 2 0.09 (n=7) 
I I I 1 I I 1 I I 
17 18 263 264 265 269 270 271 
Sample (UWGA-n) 
Figure 1 Extent of racemisation (total acid hydrolysate) for the amino 
acids alanine (AM)  and aspartic acid (ASP). Mean DR ratios 
and one standard deviation indicated. Laboratory code UWGA: 
University of Wollongong. 
extent of racemisation in the Diprotodon teeth reported 
here equates with a Late Pleistocene age (i.e. 128-10 ka). 
Conversion of the extent of amino acid racemisation to a 
numeric age is not, however, a trivial exercise. Difficulties 
involve defining the nature of racemisation kinetics for extinct 
species, as the absence of modem specimens prevents the 
amount of racemisation in teeth being determined at the time 
of death. Unlike most biological tissues, racemisation is 
known to occur in teeth during life and accordingly has been 
used in forensic studies to determine the age of individuals 
at death (Masters 1986). Hence an initial amount of race- 
misation must be accounted for when attempting to calculate 
an age since death. If Diprotodon lived for a lengthy period 
(ca. 70 years) as in the case of elephants, then a younger 
age would apply than is apparent at face value based on the 
extent of racemisation. At best, only an educated guess can 
be made concerning the likely amount of racemisation in 
teeth during the life of an average Diprotodon, by comparison 
with other mammals (cf. Masters 1986). A conservative 
estimate would suggest an aspartic acid D/L ratio of 0.08 at 
the age of 70 years and a value of about 0.04 between 10 and 
30 years. 
Use of an extended linear racemisation kinetic model as 
defined by the integrated rate equation for amino acid race- 
misation (Bada 1981) will yield a minimum age for the 
fossil Diprotodon teeth. Based on an assumed D/L ratio of 
0.08 at the time of death, an average aspartic acid D/L ratio 
of 0.30 for the fossil teeth, a current mean annual tempera- 
ture of 12°C for the Lancefield area and a racemisation rate 
constant (2k) of 1.2243 X 1 o - ~ ,  a numeric age of 3 7,5OOk 
8600 yr was determined. If, however, the teeth were from 
individuals that only lived for about 10-30 years, then, using 
the same data but with an initial D/L ratio of 0.04, an age 
of 44,000+10,000 yr is apparent. The error terms account 
for the inter-tooth variation in amino acid D/L ratios. With 
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due allowance for the uncertainties acknowledged above, Zimrnerrnan and J.A. Lawrence (eds) Dating and Age Deter- 
the AAR results suggest a Late Pleistocene (oxygen isotope mination - -  - of Biological Materials, pp.270-83. London: Croom 
stage 3) age for these Diprotodon remains. Although the 
extended linear racemisation kinetic model ages represent 
minimum ages, it is unlikely that the 'true' age is substan- 
tially older than accounted for by the associated error 
Helm. 
Miller, G.H., Magee J.W. and Jull, A.J.T. 1997 Low-latitude 
glacial cooling in the Southern Hemisphere from amino- 
acid racemisation in emu eggshells. Nature 385:24 1-4. 
Murray-Wallace, C.V. 1993 A review of the application of the 
. . terms. amino acid racemisation reaction to archaeological dating. 
The Artefact 16: 19-26. 
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